Introduction {#Sec1}
============

Working memory (WM) is the limited capacity storage system involved in the maintenance and manipulation of information over a short time period (Baddeley [@CR6]). It underlies a wide range of higher-order cognitive activities such as reasoning and processing speed (Baddeley [@CR6]; Osaka and Nishizaki [@CR36]; Wechsler [@CR63]).

Dopaminergic transmission plays a critical role in WM. Cortical dopamine release has been observed during WM (Aalto et al. [@CR1]), and dopaminergic neurotransmission as well as its dose are critical in WM performance and for the tuning of prefrontal activity during WM. During the executive (updating) process of WM, dopamine is released from the striatal area; this activity is believed to be critical for WM (Bäckman et al. [@CR5]). The two of main dopaminergic systems in the brain, the nigrostriatal system (in which neurons project to the striatum from the substantia nigra) and the mesocortical system \[in which neurons project to the prefrontal cortex and anterior cingulate cortex (ACC) from the ventral tegmental area\] (Carlson [@CR9]) are thought to be important for WM (Landau et al. [@CR24]). In the prefrontal cortex, in particular, the dopaminergic function of the dorsolateral prefrontal cortex (DLPFC) is critical for WM (Abi-Dargham et al. [@CR3]).

Previous studies have also shown the effects of WM training (WMT) on psychological measures and neural systems (Klingberg [@CR23]; Takeuchi et al. [@CR48]). WMT can improve WM performance as well as inhibition/attention measures (Melby-Lervåg and Hulme [@CR30]). In addition, with regard to neural systems, changes in brain activity and gray matter structures in parts of the dopaminergic systems (DLPFC; striatum) following WMT have been demonstrated (Takeuchi et al. [@CR48], [@CR56]). Furthermore, changes in dopamine D1 receptor density in DLPFC, posterior parietal cortex, and other prefrontal cortical areas have been demonstrated after WMT (Klingberg [@CR23]). WMT that involves updating has been shown to reduce transient changes in the binding potentials of D2 receptors in the striatum compared with a control task, which was interpreted as an increase in striatal dopamine release during updating (Bäckman et al. [@CR5]).

Mean diffusivity (MD), measured by diffusion tensor imaging (DTI), is the rate of diffusivity and a direction-independent measure of the average diffusivity reflecting water motility in a voxel. Recently, MD in the dopaminergic system's areas (MDDS) has been shown to be sensitive to the pathology of dopaminergic systems (Parkinson disease's) that cannot be detected by other magnetic resonance imaging (MRI) measures such as brain structure volume, a measure sensitive to iron deposition, or fractional anisotropy measures of DTI (Péran et al. [@CR37]). MDDS has been shown to be more accurate in dissociating the pathology of dopaminergic systems than PET measures of dopamine receptor binding (Seppi et al. [@CR44]). It can also detect the neural plasticity caused by medication with dopamine agonists to manage this pathology (Razek et al. [@CR39]). MDDS was also robustly associated with the motivational state and novelty seeking (Takeuchi and Kawashima [@CR47]) which are strongly associated with the function of the dopaminergic system (Bódi et al. [@CR7]; Kaasinen et al. [@CR20]; Kaplan and Oudeyer [@CR22]; Schinka et al. [@CR41]; Suhara et al. [@CR46]; Tomer and Aharon-Peretz [@CR62]). Generally, MD measures in the brain have been considered to reflect the microstructural integrity of brain tissue (Takeuchi et al. [@CR50]). In addition, MD is considered to detect tissue changes caused by neural plasticity such as astrocyte swelling, synaptic changes, dendritic spine changes, and angiogenesis; therefore, MD can detect short-term as well as long-term neural plasticity (Johansen-Berg et al. [@CR19]; Sagi et al. [@CR40]).

Thus, MD is a sensitive and unique neuroimaging tool that can detect neural plasticity, especially in the areas of dopaminergic system. However, the effects of WMT on MD are not yet known. In the present study, we investigated the effects of WMT on MD.

Young adult subjects were divided into two groups: one group underwent 4-week WMT and the other group did not. Before and after the intervention or no-intervention periods, the subjects underwent scanning sessions including DWI, based on which MD was calculated. Using preprocessing and analysis, we removed the effects of cerebral spinal fluid (CSF) from MD and subsequently focused on MD in the subcortical areas where CSF, which substantially impacts MD, can be clearly separated from neural tissue. Considering the plasticity of the cognitive functions caused by WMT (Takeuchi et al. [@CR48]) and the critical roles played by WM in higher-order cognitive functions (Baddeley [@CR6]), it is important to elucidate the extent of the plasticity of MD, which can provide unique information, caused by WMT. We hypothesized that WMT alters MD of the areas of the mesocortical system that play key roles in WM and of the areas of the nigrostriatal system, given their critical roles in WM (as described above), as well as the unique sensitivity of MD in the areas of the dopaminergic system. As the unique plasticity of MD and the complex mechanisms of plasticity brought by WMT (McNab et al. [@CR29]; Takeuchi et al. [@CR51]) remain mostly unknown, WMT may alter MD in either direction; therefore, we did not propose a definitive hypothesis regarding this matter.

Materials and methods {#Sec2}
=====================

Subjects {#Sec3}
--------

In this present study, we analyzed data from 51 healthy, right-handed university students who completed the experimental intervention as planned and participated in our previous study, analyzing resting-state fMRI and cerebral blood flow data (Takeuchi et al. [@CR56]). Sixty-one subjects participated in the study as the WMT and control groups (Takeuchi et al. [@CR56]); however, one subject in the control group could not participate in the planned post-MRI experiment (Takeuchi et al. [@CR58]). Among the 60 subjects analyzed in the previous study, we removed data of nine subjects in the present study because their DWI data were not obtained in the same sequence as other subjects. They had normal vision and no history of neurological or psychiatric illness, which was assessed using a routine questionnaire. Handedness was evaluated using the Edinburgh handedness inventory (Oldfield [@CR34]). Subjects were assigned to one of the groups in a random manner. For more details, see our previous study (Takeuchi et al. [@CR56]). The WM-training group consisted of 34 participants (21 men and 13 women) and the mean age of the subjects of the no-intervention group was 21.0 years \[standard deviation (SD) 1.6\]. The no-intervention group consisted of 17 participants (13 men and 4 women) and the mean age of the subjects of the no-intervention group was 21.2 years \[standard deviation (SD), 2.4\]. The WM-training and control groups did not differ significantly (*P* \> 0.1, two-tailed *t* tests) in age, sex, or scores on the general intelligence (Raven's advanced progressive matrix test: Raven [@CR38]) and WM measures (visuospatial WM and digit span tasks) (Takeuchi et al. [@CR56]). In accordance with the Declaration of Helsinki (World Medical Association [@CR64]), written informed consent was obtained from each subject. This study was approved by the Ethics Committee of Tohoku University.

Procedure {#Sec4}
---------

As described in our previous study (Takeuchi et al. [@CR56]), the WMT program consisted of computerized, in-house developed Borland C++ programs comprising four computerized tasks. Subjects undertook approximately 4 weeks (27 days) of training (each day, 20--60 min in most cases). However, the total training time depended on the level and time between trials. The subjects used the program provided to them on their personal computers. They were recommended to perform the WMT tasks every day; two training sessions for a week were conducted in the laboratory. More details were described in our previous study (Takeuchi et al. [@CR56]). We used a control group of no intervention and subjects in the no-intervention group just participated in pre and post experiments based on (1) the recommendation of the previous review (Takeuchi et al. [@CR48]), (2) the lack of effects in the active control intervention in any measure in our previous study (Takeuchi et al. [@CR51]), in which sample characteristics and experimental settings are similar, and (3) overwhelming number of studies that failed to show the effects of active control groups (Brown et al. [@CR8]; Clark et al. [@CR11]; Mahncke et al. [@CR26]) as opposed to widely held beliefs. Further, sometimes, it seems the active control groups become inappropriate as control groups due to the specific effects of active control training on measures where they are not supposed to have specific effects (Takeuchi et al. [@CR48]). The use of a passive control group instead of active control group or study designs without control groups (which is followed by the within-training group analysis with training-related variables) are gold standard procedures for imaging studies of cognitive training (Takeuchi et al. [@CR48]). In particular, it should be noted that the previous studies have never shown that the well-controlled active control interventions affect brain structural properties in the experimental settings used in the present study (Sagi et al. [@CR40]; Takeuchi et al. [@CR51]). To have both the active control group and no-intervention group is ideal (Takeuchi et al. [@CR48]), but usually suboptimal from the statistical perspective (Takeuchi et al. [@CR48]).

Training tasks {#Sec5}
--------------

As described in our previous study (Takeuchi et al. [@CR56]), four WMT tasks were presented during each training session. In all training tasks, difficulties (number of items to be remembered) were modulated based on subjects' performance. Four WMT tasks are as follows: (1) a visuospatial WM task, (2) an auditory backward operation span task, (3) a dual WM task, and (4) a dual N-back task.

\(1\) In the visuospatial WM task, circles are presented one at a time (1/s rate) in an interface where ten squares are irregularly distributed (circles are presented in one of these squares). After stimuli presentation, the subjects indicate the location and order of the presented stimuli by clicking on a computer screen with a mouse. (2) In an auditory backward operation span task, pairs of single digits (0--9) are verbally presented at a rate of 1 pair/3 s. Within this 3 s period, one digit is presented per second, but in the final second, no stimuli are presented. Therefore, four pairs of digits would be presented as follows: 1, 3, no stimulus; 4, 9, no stimulus; 3, 7, no stimulus; and 2, 5, no stimulus. The subjects had to remember the value, which was the sum of the presented pairs of digits and the order in which they were presented (in the above example, they would need to remember 4, 3, 0, 7). After the presentation, the subjects had to repeat the sequence by pressing numbered buttons on the screen in the reverse order (7, 0, 3, 4 in the above example). (3) In the dual WM task, which is similar to the task implemented in the previous study (Dash et al. [@CR13]), the subjects had to concurrently perform a visuospatial WM task and an auditory digit span task. In that study, circles were presented one at a time. with a 1/3 s rate in the same interface used for task (1) After stimuli presentation, the subjects indicate the location and order of the presented stimuli by clicking on a computer screen with a mouse. One digit (0--9) was verbally and simultaneously presented with the circle presentation. After stimuli presentation, the subjects indicated the digits and the order of the stimuli by pressing numbered buttons on the screen in the order they were presented. The subjects could perform either task first. (4) In a dual WM task, which is similar to the task implemented in a previous study of WMT (Jaeggi et al. [@CR17]), squares at eight different locations were sequentially presented on a computer screen at a 3 s rate (stimulus length, 500 ms; inter-stimulus interval, 2,500 ms). Simultaneously with the presentation of the squares, one of eight consonants is sequentially presented using headphones. A response was required whenever one of the presented stimuli matched the stimuli previously presented at (*n*) positions in the sequence. Additional details regarding the practical aspects of the task procedures and training are described in our previous study (Takeuchi et al. [@CR56]). The amount of the training time for each task is not necessarily exactly equal among four tasks. The task order was always fixed in this order \[(1)--(4)\]. The same task was not used for the assessment prior to the intervention period.

Image acquisition and analysis {#Sec6}
------------------------------

MRI data acquisition was conducted using a 3T Philips Achieva scanner. Diffusion-weighted data were acquired using a spin-echo EPI sequence (TR = 10,293 ms, TE = 55 ms, FOV = 22.4 cm, 2 × 2 × 2 mm^3^ voxels, 60 slices, SENSE reduction factor = 2, number of acquisitions = 1). The diffusion weighting was isotropically distributed along 32 directions (*b* value = 1,000 s/mm^*2*^). Additionally, three images with no diffusion weighting (*b* value = 0 s/mm^2^) (*b* = 0 images), were acquired using a spin-echo EPI sequence (TR = 10293 ms, TE = 55 ms, FOV = 22.4 cm, 2 × 2 × 2 mm^3^ voxels, 60 slices). From the collected images, MD maps were calculated (Takeuchi et al. [@CR50]).

Subjects completed the fMRI paradigms of the N-back WM task (2-back WM condition and 0-back control condition) before and after training. Details relating to these N-back fMRI paradigms can be found in our previous report (Takeuchi et al. [@CR54]). We used the pre-training fMRI data of subjects in the WMT and control groups to construct the regions of interest (ROI) for the analyses of diffusion data.

Preprocessing and individual-level statistical analysis of imaging data {#Sec7}
-----------------------------------------------------------------------

Preprocessing of imaging data were performed using SPM8 implemented in matlab. Pre- and post-training MD maps were independently normalized. We avoided co-registration and co-normalization procedures (which use the same normalization parameters for both the pre- and post-images) of pre- and post-images, including registration of mean images to pre- and post-images, because of concerns of possible bias or problems occurring when structural properties were substantially different between pre- and post-images (Thomas and Baker [@CR60]).

Pre- and post-scan MD images were segmented and normalized using a previously described diffeomorphic anatomical registration through exponentiated lie algebra (DARTEL)-based method (Takeuchi et al. [@CR57]), which provided images of 1.5 × 1.5 × 1.5 mm^3^ voxels. Then, from the pre- and post-intervention normalized images of normalized (1) MD map, (2) regional gray matter density (rGMD) map, and (3) regional cerebral spinal fluid map density (rCSF) map, areas that are not strongly likely to be gray matter nor white matter in our custom template (defined by "gray matter tissue probability + white matter tissue probability \<0.99") were removed \[to exclude the strong effects of cerebral spinal fluid (CSF) on MD\]. Subsequently, these images were smoothed by convolving them with an isotropic Gaussian kernel of 10 mm full width at half maximum. These images were forwarded to the group analysis described below.

BOLD image data of N-back fMRI tasks were co-registered to diffusion data, as described previously (Takeuchi et al. [@CR52]), and then normalized using the same normalization parameter as that used for diffusion data.

Statistical group-level analysis of imaging data {#Sec8}
------------------------------------------------

In the group-level imaging analysis, we tested for group-wise differences in MD after WMT and subsequently performed voxel-wise one-way ANCOVAs. The dependent variables were the MD values for the post-scan at each voxel, whereas the independent variables were the MD values for the pre-scan at each voxel and the rGMD and rCSFD values for pre- and post- scans at each voxel. These variables were selected to exclude the effects and the extent of these tissues on MD; however, we did not include white matter density as covariates because tissues were gray matter, white matter, or CSF in the areas relevant to the analysis.

To evaluate the impact of removing the effects of rGMD and rCSFD through ANCOVA, we also ran the analysis without including pre and post rGMD and rCSFD maps as covariates.

We used ANCOVA instead of repeated measures ANOVA to control for the effects of pre-training values. Statistical experts strongly recommend the use of ANCOVA instead of repeated measures ANOVA in this type of study design (Dimitrov et al. [@CR14]). In the case of randomized designs, the purpose of ANCOVA is to reduce error variance, whereas in the case of non-randomized designs (or of analyses involving substantial pre-existing group differences), ANCOVA is used to adjust the post-test means for pre-test differences among groups (Dimitrov et al. [@CR14]). One might recommend that the differences in values between pre- and post-training measures be used instead of the post-training values. However, in fact, when the pre-training values are included as covariates, the two analyses return the same statistical value.

This analysis was performed using biological parametrical mapping (Casanova et al. [@CR10]) implemented in SPM5 and those representing pre- and post-intervention MD, rGMD, and rCSFD values. Note, since the control group did not engage in training and there are no variables of amount of training in the control group, we cannot take the effect of amount of training into account in the comparisons of WMT versus control group.

Regions with significance were inferred using cluster-level statistics (Friston et al. [@CR15]). Only clusters with *P* \< 0.05, after correction for multiple comparisons at cluster size with a voxel-level cluster-determining threshold of *P* \< 0.005 uncorrected, were considered statistically significant in this analysis. This voxel-level cluster-determining threshold has been used in the previous studies (Takeuchi et al. [@CR49], [@CR54], [@CR56]), and the validation study (Hayasaka and Nichols [@CR16]) showed this threshold does not cause anti-conservativeness and if anything it seems, it leads to slight conservative results compared with more stringent voxel-level cluster-determining thresholds. Further, ROI analyses have been performed within the areas of the mesocortical system that play a key role in WM, namely DLPFC and the ventral tegmental area, and those of the nigrostriatal system, namely the striatum and substantia nigra, as described in the "[Introduction](#Sec1){ref-type="sec"}" (Carlson [@CR9]). We constructed a mask image of these areas, and the statistical significance level was set at *P* \< 0.05 within these areas, with small volume correction for multiple comparisons (false discovery rate). The mask image for ROIs was constructed by adding mask images for the areas of the bilateral DLPFC around Brodmann area 46, which is central to WM (Osaka and Nishizaki [@CR36]), ACC, bilateral striatum, and midbrain areas, including the ventral tegmental areas and substantia nigra. To construct these images, we used the data of fMRI activation of the 2-back--0-back condition (WM-specific brain activity) before training in the present experiment. Most of the details of the individual analytical methods used here can be found in the previous study (Takeuchi et al. [@CR52]); however, here, six parameters obtained by rigid body correction of head motion were additionally regressed out by entering these variances into the regressor of the first level analysis, followed by smoothing performed with 10 mm FWHM (same value as the values of the MD data). Subsequently, a whole-brain one-sample *t* test of the 2-back--0-back contrast was performed, and the peak voxels for the dorsal part of ACC to the supplemental motor area (*x*, *y*, *z* = 0, 15, 51), bilateral DLPFC closest to Brodmann area 46 (*x*, *y*, *z* = −36, 51, 18; *x*, *y*, *z* = 42, 30, 33), bilateral striatum (*x*, *y*, *z* = −15, 6, 6; *x*, *y*, *z* = 18, 0, 21), and midbrain areas closest to the ventral tegmental area (Tomasi and Volkow [@CR61]) (*x*, *y*, *z* = 3, −15, 12) were extracted. Then, the masks of 12 mm radial spheres around these voxels of MNI coordinates were created.

Investigation of the associations between changes in performance on WMT tasks and changes in MD {#Sec9}
-----------------------------------------------------------------------------------------------

Next, we investigated whether there was an association between changes in performance on WMT tasks and changes in MD, in which the effects of WMT were observed through simple regression analyses. For this analysis, as described in our previous study (Takeuchi et al. [@CR56]) performance on WMT tasks for each participant in the first and last three sessions was calculated as follows: (highest level of the visuospatial WM task achieved in the first or last three completed sessions) + (highest level of the auditory backward operation span task achieved in the first or last three completed sessions) + 2 × (highest level of the dual WM task achieved in the first or last three completed sessions) + 2 × (highest level of the dual N-back task achieved in the first or last three completed sessions). Performance on the dual WM task and dual N-back task were multiplied by two because when the level of the dual N-back task was increased by one, the number of stimuli to be remembered was increased by two. An increase in performance on WMT tasks for each participant from the first three sessions to the last three sessions was regarded as an improvement in performance on WMT tasks. The rationale for this calculation using the first/last three sessions (see also the "[Training data](#Sec11){ref-type="sec"}") was to obtain stable results since subjects have to perform four tasks in one session and there simply is not sufficient time to ensure stable performance in one session. We did not perform correlation analysis using the amount of WMT as a covariate because in our study, the amount of WMT varied little among subjects (see "[Results](#Sec10){ref-type="sec"}" for details). Subsequently, we extracted the mean value of the pre- to post-training changes in MD, in each of the significant clusters identified above. Simple regression analyses were then performed to determine the association between the improvement in performance on WMT tasks and the neural changes in each cluster calculated as described above. Here, we employed a one-tailed analysis to investigate the association between an increase in performance on WMT tasks and the mean increase in MD in each cluster because that was our sole hypothesis and interest.

Results {#Sec10}
=======

Training data {#Sec11}
-------------

As described in our previous study to investigate the effect of WMT on resting-state functional connectivity (FC), regional cerebral blood flow at rest (resting-rCBF), and regional gray matter volume using data from the same subjects (Takeuchi et al. [@CR56]), 34 subjects in the WMT group whose data were analyzed in this study completed 25.94 sessions \[standard deviation (SD) 2.28\] on average and at least 17 sessions during the 27 day intervention period. This indicates that the amount of training in the WMT group is well controlled. Performance of all four trained WM tasks performed during the last three training sessions was significantly improved compared with performance during the first three training sessions (for performance data and statistical values, see Table [1](#Tab1){ref-type="table"}). Details of the training data and training-related changes in performance scores on cognitive tests (such as WM tasks) have been described previously (Takeuchi et al. [@CR56]).Table 1The average of all subjects' highest performances \[the N (number of items to be remembered) in the WM tasks in which subjects answered accurately\] on WMT tasks among the first and last three training sessionsFirst three sessions (items)Last three sessions (items)Visuospatial WM task8.82 ± 0.8111.48 ± 1.92Auditory backward operation span task9 ± 1.4415.18 ± 3.80Dual WM task7.58 ± 0.8310.03 ± 1.38Dual N-back task2.82 ± 0.735 ± 1.20Data obtained from one subject whose final performance data were missing were removed from the calculation of the average in this task

The effect of WMT on MD {#Sec12}
-----------------------

After correcting the effects of pre-training MD and pre- and post-training rGMD and rCSFD, the whole-brain analysis revealed that the WMT group showed significantly greater post-training MD in the anatomical cluster that spread from the right caudate to the right lentiform nucleus (*x*, *y*, *z* = 24, 6, 18; *t* = 4.72; *P* \< 0.001; corrected for multiple comparisons at the cluster level with a cluster-determining threshold of *P* \< 0.005, uncorrected).

Among areas with a strong a priori hypothesis, namely areas of the dopaminergic system, small volume correction was employed and significant effects of WMT were observed in the bilateral caudate, right putamen, left DLPFC, right ACC, right substantia nigra, and ventral tegmental area (Fig. [1](#Fig1){ref-type="fig"}). The results of the statistical tests for these comparisons are presented in Table [2](#Tab2){ref-type="table"}.Fig. 1Increase in mean diffusivity in the working memory training (WMT) group compared with the control group. Results are shown with a threshold of *P* \< 0.05 and corrected for multiple comparisons at FDR within the regions of interest. Findings were overlaid on a "single-subject T1" SPM image. *Bar* represents the *t* score. The voxel-by-voxel analysis of covariance showed compared with the control intervention (no-intervention), WMT resulted in a significant increase in MD in nigrostriatal and mesocortical areasTable 2Brain regions with significant working memory training (WMT)-related increases in mean diffusivity (MD), as assessed by region of interest (ROI) analysisArea*xyzt* scoreCorrected *P* value (SVC, FDR)Cluster size (mm^3^)Correlation with the improvement in WMT (*P*, *t* , *r* values)\*Caudate/putamenR246184.720.0182,042(0.596, −0.244, −0.044)DLPFCL−37.543.5213.820.022790(0.011, 2.398, 0.396)CaudateL−1213.5153.790.022314(0.404, 0.246, 0.044)Substantia nigra (R)/ventral tegmental area13.5−10.5−16.53.560.0241,461(0.807, −0.879, −0.156)ACCR7.522.5483.510.024732(0.009, 2.486, 0.408)Ventral tegmental area−1.5−9−10.53.010.031105(0.908, −1.359, −0.237)Statistical values of simple regression analyses that investigated the association between mean change in MD in each cluster and change in performance on WMT tasks

The effect of WMT on MD without taking into account the effects of rGMD and rCSFD {#Sec13}
---------------------------------------------------------------------------------

To evaluate the impact of removing the effects of rGMD and rCSFD through ANCOVAs, we also ran the analysis without including pre and post rGMD and rCSFD maps as covariates.

The whole-brain analysis revealed that the WMT group had a significantly larger MD in the anatomical cluster, which is quite similar to the abovementioned significant cluster of WMT-related increase in MD in the anatomical cluster that spread from the right caudate to the right lentiform nucleus.

SVC was applied among the areas with a strong a priori hypothesis, namely the nigrostriatal area (caudate and putamen) and mesocortical areas (ACC and bilateral DLPFC, which play important roles in working memory, and the ventral tegmental area). This analysis identified regions of significance in the abovementioned ANCOVA using SVC, which took into account the effects of rGMD and rCSFD, yielded significant results in the same contrast in this analysis, with the exception of the area of the left DLPFC (for which we obtained a *P* = 0.08, corrected for FDR). Moreover, in this analysis, the right DLPFC showed significant effects on WMT-related increase in MD (*P* = 0.046, corrected for FDR, *x*, *y*, *z* = 45, 28.5, 30).

These results suggest that the removal of the effects of rGMD and rCSFD did not alter the results substantially \[note that in preprocessing, we tried to remove the effects of rCSFD (which can affect MD substantially) as much as possible\]; thus, this did not alter our conclusion. However, the statistical value of the left DLPFC was substantially weakened in this analysis and became just a trend. It is not clear whether there is an implication in this subtle change. Nevertheless, in the areas located close to the cortical surface, it may be more difficult to remove the effects of rCSFD completely. Moreover, the possible relative decrease in remaining rCSFD caused by the increase in regional gray matter induced by WMT (Takeuchi et al. [@CR56]) should lead to a decrease in MD (because CSF has a higher MD); thus, without regressing out those effects, the effect of WMT on an increase in MD may tend to weaken. These mechanisms might explain somewhat the results obtained for the left DLFPC.

Associations between neural changes and WMT performance changes {#Sec14}
---------------------------------------------------------------

Simple regression analyses that tested correlations between improvements in performance on WMT tasks and the amount of MD changes in the significant clusters identified in the abovementioned ANCOVAs were also performed. The results of this analysis showed a significant positive correlation between improvements in performance on WMT tasks and the mean increase in MD in the right ACC and left DLPFC (Table [2](#Tab2){ref-type="table"}).

There were no significant results when the amount of training sessions was used instead of improvements in performance on WMT tasks. The mean increase in MD in the right ACC showed a tendency for a positive correlation with the number of training sessions (*P* = 0.089).

This may be due to a lack of effective variance in the number of training sessions among the WMT groups (see "[Training data](#Sec11){ref-type="sec"}") since the amount of training was controlled and we did not include this analysis as a primary method to reveal the effects of WMT.

Discussion {#Sec15}
==========

The present study revealed the effect of WMT on MD in healthy young adults. WMT increased MD in the left DLPFC, right ACC, bilateral caudate, right putamen, right substantia nigra, and ventral tegmental area. The increase in performance on WMT tasks was positively correlated with an increase in MD in the left DLPFC and right ACC. As discussed below, an increase in MD may reflect the number of physiological changes. Thus, the present findings suggest that the WMT-related neural plasticity observed in areas of the mesocortical system that play key roles in WM and in areas of the nigrostriatal system, as well as changes in the left DLPFC and the right ACC, underlie the performance on WMT tasks. These results cannot be explained by the effects of pre-existing group differences in MD, either pre-existing or post-training differences in the distributions of the tissue themselves because we corrected for these effects using ANCOVA.

A prevalent idea suggests that an increase in MDDS after intervention reflects the loss of certain tissue components in normal samples, for the following reasons. MD is often believed to be a measure of overall water content (Moseley et al. [@CR31]). Possible obstacles, such as the presence of fewer or smaller cellular structures (e.g., capillaries, synapses, and macromolecular proteins), may prevent free diffusion of water molecules and may also be expected to cause the value of MD to increase (Ni et al. [@CR32]). Thus, MD can be thought of as a measure of the microstructural integrity (how effective components exist in the tissue) of the brain regardless of the system being investigated, and a wide range of clinical studies of neuronal degeneration have confirmed this (Andreone et al. [@CR4]; Kantarci et al. [@CR21]; Nusbaum et al. [@CR33]). Among normal samples, cognitive learning has been shown to affect MD values in the relevant tissues only after 2 h of training, and together with the results of animal experiments, increases in the number of synaptic vesicles and astrocyte swelling due to increased activity has been suggested to underlie these MD changes (Johansen-Berg et al. [@CR19]; Sagi et al. [@CR40]). Over longer time spans, such as those used in the present study, changes in other physiological mechanisms, such as dendritic sprouting and angiogenesis, may affect MD (Johansen-Berg et al. [@CR19]). Therefore, although there is a wide range of possible mechanisms, these generally considered mechanisms, whether functional (such as activity) or structural (such as synaptic changes), suggest that an increase in MD values in the normal sample represents a certain loss of the components of the tissue system. This interpretation of cognitive intervention-related changes in MD has been proposed in recent studies (Abe et al. [@CR2]; Johansen-Berg et al. [@CR19]; Sagi et al. [@CR40]). However, our previous study, which was performed using a sample that overlapped with the present one, reported WMT-related regional gray matter volume increases in areas that included the left DLFPC, ACC, and left caudate (Takeuchi et al. [@CR56]). Moreover, animal experiments showed that an rGMV increase followed by a cognitive intervention reflects neuronal remodeling, including an increase in synapses (Lerch et al. [@CR25]). These previous findings indicate that the present WMT-related increase in MD may not be mediated by a synaptic decrease, among the possible causes that were suggested above.

However, other factors may explain the changes in MD that occur after WMT. One is the increase in the resting-state cerebral flow in the areas reported here. It is known that MD will also increase based on the increase in cerebral blood flow (Jin and Kim [@CR18]; Song et al. [@CR45]). Thus, training-induced plasticity might lead to an increase in the resting-state cerebral blood flow in the areas reported here, which in turn might increase MD. This idea is congruent with the present findings, which showed that the increase in MD was associated with improvement of the performance on WMT tasks in the left DLPFC and ACC, thus suggesting that the increase in MD caused by WMT was somehow an adaptive change. However, this interpretation is inconsistent with our previous findings, which were obtained using overlapping samples and showed an increase in the resting-state cerebral blood flow only in the right DLPFC (Takeuchi et al. [@CR56]). In contrast, this area failed to exhibit a significant change in MD in this study. Thus, this interpretation is not definitive, although the lack of WMT-related significant resting-state cerebral blood flow in ACC or left DLPFC or subcortical areas may be explained by the relatively low spatial resolution and fragility toward motion (Takeuchi et al. [@CR53]). Finally, although this is a highly speculative idea, MDDS can also be related to the functioning of areas of the dopaminergic system as a result of strong associations between metals and a number of dopaminergic functions (McCann and Ames [@CR27]). The MD values in gray matter are known to be lowered by metals including iron and copper with paramagnetic properties because of the effects of paramagnetic properties on MRI (Sener [@CR43]). Furthermore, some metals, such as iron and copper, have long been suggested to play essential roles in the dopaminergic system, and, these metals are required for dopamine production (McCann and Ames [@CR27]). On the other hand, previously, iron has been shown to accumulate in dopamine neurovesicles (Ortega et al. [@CR35]). In addition, the inhibition of dopamine synthesis results in decreased vesicular storage of iron (Ortega et al. [@CR35]). Thus, the lowering in the level of dopamine induced by WMT in tissues may have increased MD signal intensities in the areas reported here. However, this idea is consistent with the previous findings of the specific sensitivity of MD toward pathology of the dopamine system and its plasticity, as well as the psychological state and trait associated with the function of dopamine, as described in the "Introduction". Nevertheless, this idea is not supported by the experimental findings, unlike other possibilities.

Thus, as discussed above, an increase in MD may reflect several physiological processes, and we cannot conclude definitely on which processes contributed to the increase in MD observed after WMT. This difficulty in determining the physiological changes that underlie the signal change observed in the images is similar to the case of regional gray matter volume images (Takeuchi et al. [@CR51], [@CR59]). Nonetheless, as discussed above, the present result of WMT-related increase in MD is not congruent with our previously reported WMT-related regional gray matter volume increase in a similar area, if we assume the same physiological mechanisms (such as synaptic changes) underlie both changes. Furthermore, recent previous studies reported the sensitivity of MD to detect the neural plasticity that occurs soon after the intervention (Abe et al. [@CR2]; Johansen-Berg et al. [@CR19]). Thus, the results of the present study, together with those of previous studies, suggest the applicability of the unique properties of MD to investigate and identify regional neural plasticity.

In the present study, many areas of the gray matter showed changes in MD. These changes observed in gray matter are highly consistent with the results of previous studies that investigated the effects of intervention on MD (Abe et al. [@CR2]; Razek et al. [@CR39]; Sagi et al. [@CR40]). Furthermore, two of these studies reported an increase in MD in the gray matter (Abe et al. [@CR2]; Razek et al. [@CR39]). As described above, changes in synapse or synaptic vesicles, astrocytes, dendritic sprouting, and angiogenesis have been demonstrated or considered as the causes of these changes in MD. These changes occur mainly in the gray matter. Thus, the fact that the present findings were observed in many gray matter areas is consistent with those micro-level findings or suggestions.

The areas of significant MD change overlapped two of the main dopaminergic systems in the brain; the nigrostriatal system, and the mesocortical system (Carlson [@CR9]). Neurons in the nigrostriatal system project to the striatum from the substantia nigra (Carlson [@CR9]) and this system plays a key role in motor control (Carlson [@CR9]). Involvement of this system has been implicated with other higher-order cognitive functions including filtering information flow to the frontal lobe, updating, or motivation (Dahlin et al. [@CR12]; McNab and Klingberg [@CR28]; Takeuchi et al. [@CR55]). Finally, neurons in the mesocortical system projects to the prefrontal cortex and ACC from the tegmental ventral area, and are involved in problem solving, working memory, and other higher-order cognitive functions (Carlson [@CR9]; Schweimer and Hauber [@CR42]). The neural changes observed in areas that are crucial to WM may contribute to the increase in cognitive functions induced by WMT.
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